ABSTRACT: Supported phospholipid bilayers (SPBs) are valuable models for fundamental studies of biological membranes and their interaction with biologically relevant solutes or particles. Herein, we demonstrate the capability of the quartz crystal microbalance with dissipation monitoring (QCM-D) to directly detect the gel−fluid phase transition of a SPB. The approach involves comparison of the frequency response of a bare and a bilayer-coated QCM-D crystal during linear temperature variation. Phase transition results in a change of the resonance frequency that coincides directly with the accompanied change in bilayer thickness detected by ellipsometry. Experiments performed at different heating rates further demonstrate the use of dissipation monitoring to determine the phase transition temperature based on the temperature-induced viscosity changes of the ambient medium in the immediate environment of the bilayer. Unlike other methods, the proposed approach enables precise determination of the phase transition of a SPB without the need for thermal equilibration of the measurement chamber and, thus, has great potential for sensitive detection of structural and/or compositional changes of the bilayer.
I
n recent years, supported phospholipid bilayers (SPBs) have emerged as valuable models for biological membranes, such as bacterial cell membranes 1−3 or plasma membranes of eukaryotic cells. 4−6 As they can be built upon planar surfaces that exert comparatively little effect on the physicochemical nature of the bilayer, SPBs are particularly well suited to study the physical behavior of these membranes, most notably their interaction with diverse biomolecules, 7−9 liposomes, 10−12 or nanoparticles. 13 A critical parameter that is often used to characterize membrane interactions is the gel−fluid phase transition temperature (main phase transition temperature, T m ). This temperature, on the one hand, is sensitive to the membrane composition and, on the other hand, can be affected by nonspecific surface interactions. 14, 15 Different experimental techniques have been applied to investigate the transition behavior of SPBs, including temperature controlled atomic force microscopy, 16 ellipsometry, 17 and sum-frequency vibrational spectroscopy. 18 Quartz crystal microbalance with dissipation monitoring (QCM-D) is a powerful technique to study the formation of SPBs 19 and also to characterize bilayer interactions; 6, 7, 9, 20, 21 thus, an approach to directly determine the phase transition (and associated temperature) of a SPB formed in a QCM-D would be of great value. Recently, Ohlsson et al. 22 used QCM-D to investigate the mechanical and structural changes that occur during phase transition of small unilamellar vesicles. The authors stably adsorbed the vesicles to a QCM-D crystal, varied the temperature, and undertook Voigt modeling to determine the phase transition temperature based on variations in the effective film viscosity and film thickness. The use of QCM-D to directly determine the phase transition temperature of a single SPB, however, has not been shown previously.
This Letter reports a sensitive approach to detect the main phase transition temperature of a single SPB that can be readily integrated into QCM-D studies of SPBs. To this end, we analyzed changes occurring in both the resonance frequency ( f) and the energy dissipation (D) of the QCM-D crystal during linear heating and cooling of the adsorbed bilayer. Variations in the resonance frequency induced by phase transition were related to the expected change in bilayer thickness by combining QCM-D and ellipsometry. All experiments were performed with 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayers (T m ≈ 23°C) 23 using a silica coated QCM-D crystal and Tris buffer (10 mM, pH 7.5, 100 mM NaCl) as ambient medium. The QCM-D data was analyzed using the normalized resonance frequency and the dissipation of the 11th overtone (further denoted by f 11 and D 11 , respectively). Further details on the experimental procedures, including the formation of the SPB, are given in the Supporting Information.
Resonance frequency and energy dissipation of a QCM-D depend not only on the mechanical and structural properties of the adsorbed molecular film (i.e., mass per unit area, film thickness, and intrinsic mechanical film properties) but also on the rheological properties of the ambient medium. 24 Accordingly, the measured frequency and dissipation will vary with temperature, 25 especially when operating the microbalance in liquid mode. To isolate the effects of temperature induced phase transition from the effect of the viscosity change of the medium, temperature cycles were applied before and after the formation of the SPB. Within these cycles, the temperature of the QCM-D liquid cell (henceforth denoted as cell temperature, T cell ) was linearly increased from 16 to 32°C, maintained at 32°C, and then linearly decreased to 16°C again. Figure 1a shows a temperature cycle in which the cell temperature was varied at ±0.4°C min . The corresponding changes in the resonance frequency are given in Figure 1b . During heating and cooling, the resonance frequency increased and decreased nearly linearly by ∼75 Hz, independently of the presence of the SPB. However, significant differences become apparent when comparing the first-order time derivatives of the resonance frequency. As can be seen from Figure 1c , the respective data overlap closely outside the region of the expected SPB phase transition, but distinct, sharp peaks are visible in the time derivatives for the bilayer-coated crystal at cell temperatures of 23.8°C (during heating) and 20.8°C (during cooling). Such transition peaks, which correspond to frequency shifts of ∼ ±1.5 Hz, were observed not only in the resonance frequency of the 11th overtone but also in all other recorded harmonic frequencies (i.e., in the frequencies of the 3rd, 5th, 7th, 9th, and 13th overtones).
Combined ellipsometry and QCM-D was used to relate the observed frequency shifts to the change in SPB thickness by means of ellipsometric Psi values. These values, which determine the amplitude component of the complex reflectance ratio of the SPB and the QCM-D crystal, can be considered to be linearly related to the thickness of the SPB (cf. Drude approximation for thin films 26 ). Figure 2 shows Psi values recorded during a temperature increase of 0.4°C min −1 . Unlike the phase shift component of the complex reflectance ratio (ellipsometric Del values; data given in Figure S1 in the Supporting Information), the Psi values showed little variation with temperature before and after SPB phase transition. However, at a cell temperature of approximately 24°C, a significant decrease in Psi (∼0.04°) was observed. According to the Drude approximation, this decrease in Psi corresponds to a decrease in bilayer thickness and thus reflects the expected behavior for the gel-to-fluid phase transition. 17 Moreover, the time point at which the drop in the Psi values occurred matches very well with the observed maximum in the time derivative of the resonance frequency ( Figure 2 ). It can thus be concluded that the change in the frequency was, in fact, most pronounced when the morphological changes in the SPB occurred.
The results of the combined QCM-D and ellipsometry experiment clearly indicate the suitability of this approach for detection of the main phase transition of the SPB. Furthermore, the close agreement of the time derivatives for the bilayercoated QCM-D crystal and the bare crystal before and after phase transition reveals little effect of the SPB on the rheological behavior of the adjacent medium. This fact, together with the observation of a nearly linear relationship between the temperature and the resonance frequency, allows for a precise temporal determination of the main phase transition.
To assess the temperature at SPB phase transition, one may consider the controlled cell temperature at the time at which the phase transition takes place (quantities obtained at this time point are hereafter indicated using an asterisk). However, depending on the method of temperature control, temperature gradients occurring between the SPB and the temperature sensor may cause a temporal delay in the temperature change of the SPB and thus give rise to artifactual, rate-dependent transition temperatures. In the setup used herein, the cell temperature was controlled by a combination of a thermistor and a Peltier element, which was located in an insulated heating/cooling unit that enclosed the entire crystal chamber of the QCM-D. As can be observed in Table 1 (see values of T cell * ), transition temperatures determined by this method show a significant increase with increasing heating rate, resulting in an overestimation of the true phase transition temperature. For a precise prediction of the transition temperature of a single SPB, it is therefore critical to either work under conditions close to thermal equilibrium or measure the temperature in the immediate environment of the SPB. Below, we show that these challenges can be overcome by using a QCM-D, whereby dissipation monitoring may be used to determine the temperature of the SPB during phase transition.
As mentioned above, the dissipative energy loss of a microbalance is well-known to be sensitive to the viscosity of the adjacent medium, 24 and this may be utilized to determine the temperature within a range of less than 100 nm above the crystal surface. Figure 3a shows the temperature dependence of the dissipation of a bilayer-coated crystal as obtained from the same experiment described above (cf. Figure 1) . The dissipation decreased with increasing temperature and increased with decreasing temperature by ∼12 × 10 −6 . Notably, the SPB made no significant contribution to this response. Dissipation shifts obtained without SPB were, in fact, of very similar magnitude (cf. red and gray lines in Figure 3a) . It is also noteworthy that the phase transition did not lead to a substantial change in the energy dissipation. As can be noted from the respective time derivatives in Figure 3b , only slight, temporary changes were detected when the transition occurred.
The fact that the SPB has no significant effect on the temperature dependence of the energy dissipation allows us to assess the temperature at the bilayer surface (henceforth referred to as SPB temperature, T SPB ) by predetermining a temperature-dissipation calibration curve in the absence of a SPB. For this purpose, dissipation data can be obtained under conditions close to thermal equilibrium such that the surface temperature of the QCM-D crystal can be approximated by the measured cell temperature. A representative calibration curve is shown in Figure 3c . The measured data were fitted with a second-order polynomial which was subsequently used to convert dissipation values to SPB temperatures. Table 1 displays the calculated SPB temperatures for the gel-to-fluid phase transitions of the above-discussed experiments (see values of T SPB * ). It can be noted that these temperatures, on the one hand, are significantly smaller than the corresponding cell temperatures (T cell * ) and, on the other hand, show less dependence on the temperature scan rate. The latter is also reflected in the respective temperature differences as obtained for heating and cooling at 0.4°C min . While the cell temperature was 3.0°C lower (T cell * = 20.8°C) at the phase transition during cooling than during heating, a corresponding difference of only 0.9°C (T SPB * = 22.1°C for cooling) was detected when dissipation monitoring was used for temperature determination.
The smaller differences in the observed SPB temperatures determined from dissipation measurements can be explained by the finite transition time of the SPB. 27 In fact, calculated transition temperatures are very well described by a linear function of the temperature scan rate when considering a constant transition time of 2.16 min and a true phase transition temperature of 22.56°C (values determined by regression analysis; see Figure S2 in the Supporting Information). Using a predetermined temperature-dissipation calibration curve, SPB temperatures of 22.13, 22.99, 23.21, 23.42, and 23.64°C would be expected for temperature scan rates of −0.4, 0.4, 0.6, 0.8, and 1.0°C min −1 , respectively. To further demonstrate the precision of the applied approach, we calculated phase transition temperatures based on the detected SPB temperatures and the predicted transition time of 2.16 min. As can be seen from Table 1 (see values of T m ), these transition temperatures do not depend on the heating rate and differ less than 0.2°C from the expected true phase transition temperature of 22.56°C. Moreover, replicates of the described experiment using newly formed DMPC bilayers for each replicate resulted in very similar transition times (2.12 and 2.20 min) and phase transition temperatures (22.68 and 22.42°C; see Figure S3 in the Supporting Information). The average phase transition temperature of 22.6 ± 0.1°C based on the three experiments is in good agreement with previously reported data on silica-supported DMPC bilayers. Both Ahmed and Wunder 27 and Savarala et al. 28 reported transition temperatures near 22°C when performing calorimetric measurements on bilayer-coated silica beads of ∼100 nm diameter.
Taken together, the results presented herein demonstrate a new experimental approach to detect the main phase transition of a SPB and to precisely determine the respective transition temperature. QCM-D is well-known to be mass sensitive, and it is likely that the observed frequency shifts are mainly attributed to a change in the total mass per surface area, e.g., as a result of lateral expansion or contraction. 16, 17 Changes in the SPB's mechanical behavior, on the other hand, are less likely to have contributed to the frequency shifts as there was no indication of permanent changes in the energy dissipation. However, since both resonance frequency and energy dissipation are sensitive to the temperature of the adjacent medium, both quantities could have been affected by the heat transfer that accompanies the phase transition. As heat transfer is of temporary nature, it is expected to result in nonpermanent variations only. Although further research is required to ascribe the observed behavior of the resonance frequency and the energy dissipation to the changes in the bilayer properties, the described method opens new possibilities for QCM-D studies on bilayer interactions. Specifically, this new characterization approach offers the possibility to detect changes in lipid composition, to assess surface interactions with diverse solutes or particles, or to analyze induced phase separations. A key advantage of the proposed approach is that it can be readily applied within any QCM-D study of SPBs without perturbation of the experimental system. Moreover, QCM-D seems well suited to study the fundamentals of SPB phase transitions. As demonstrated by various authors, both the phase behavior and the transition kinetics of supported membranes can differ significantly from the well-known behavior of nonsupported membranes. 15, 27, 29 Since QCM-D can be applied at a broad range of heating and cooling rates without the need for thermal equilibration and has the potential to detect multiple transition phenomena (e.g., mass transfer, heat transfer, or structural rearrangements), it may provide valuable insights into the particular phase and transition behavior of these membranes.
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